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Clays  and  claystones  are  considered  in  some  countries  (including  Belgium,  France  and Switzerland)  as  a
potential host  rock  for  high  activity  long  lived  radioactive  waste  disposal  at great  depth.  One  of  the  aspects
to  deal  with  when  assessing  the  performance  of the  disposal  is related  to  the  effects  of the temperature
elevation  due  to the placement  of exothermic  wastes  on the  host  rock.  The  potential  effects  of  the  thermal
impact  on  the  excavation  damaged  zone  (EDZ)  in  the  near  ﬁeld  are  another  important  issue  that  was  the
goal  of the  TIMODAZ  European  research  project.  In this  paper,  some  principles  of waste  disposal  in  clayey
host  rocks  at  great  depth  are ﬁrst  presented  and a  series  of experimental  investigations  carried  out on
speciﬁc  equipment  specially  developed  to  face  the problem  are  presented.  Both  drained  and  undrained
tests  have  been  carried  out  to investigate  the  drained  thermal  volume  changes  of clays  and  claystone  and
the  thermal  pressurization  occurring  around  the  galleries.  The  importance  of proper  initial  saturation
(under  in situ  stresses)  and of satisfactory  drainage  conditions  (in spite  of the signiﬁcantly  low  perme-
ability  of  claystones)  is emphasized,  leading  to the development  of a new  hollow  cylinder  apparatus.  It  is
observed  that  claystones  cannot  be considered  as  overconsolidated  clays  given  that  they  can  exhibit,  as
the  Callovo-Oxfordian  claystone  does,  a thermoplastic  contraction.  Mechanical  and thermal  hardenings
are  however  observed,  extending  the  knowledge  already  gained  on clays  to claystones.  A new  method  of
determining  the  thermal  pressurization  coefﬁcient  in  the  laboratory  is  described  and  the  data  obtained
allow  completing  existing  data  in the  ﬁeld.  Finally,  the  hollow  cylinder  apparatus  makes  it  possible  to
demonstrate  that  the  good  self-sealing  properties  of clays  and  claystones  can  be  extended  to  temperature
effects,  an  important  conclusion  in terms  of  performance  assessment.
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g. Introduction
Clays and claystones are considered in some countries (includ-
ng Belgium, France and Switzerland) as a potential host rock for
igh activity long lived radioactive waste disposal at great depth
Tsang et al., 2012). One of the aspects to deal with in the per-
ormance assessment (Yu et al., 2013) of high activity long lived
adioactive waste disposals is related to the effects of the tem-
erature elevation due to the placement of exothermic wastes on∗ Tel.: +33 164153542.
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he host rock. In drained conditions, the volume change response
f clays is known to be sensitive to temperature elevation with
espect to the overconsolidation ratio (OCR), as will be commented
ater on. Due to the low permeability of clays and the even lower
ne of claystones, drained conditions only occur under very slow
emperature increases. The response is then often partially drained
r undrained. In such conditions, the generation of thermal pore
ressure (also called thermal pressurization) is also to consider,
iven that the resulting decrease in effective stress may  have some
egative consequences in terms of stability conditions around the
allery.
In drained conditions, the question about the thermal volume
hange response of claystones is to know how they react and how
ar existing data on clays can be relevant for claystones. Due to
heir smaller permeability (one order of magnitude lower than
tiff clays, around 10−13 m/s), there is very few available data on
ully saturated and drained thermal tests on claystone. To perform
hese difﬁcult tests, a special hollow cylinder triaxial apparatus was
eveloped and used, as will be described further on.
In undrained conditions, there are rather few data available con-
erning the thermal pressurization ratio of clays. This is particularly
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(1) Minor horizontal stress h = 12.4 MPa;
(2) Major horizontal stress H = 12.7–14 MPa;
(3) Vertical stress v = 12.7 MPa;Fig. 1. The Callovo-Oxfordian claysto
rue for claystones, also due to the difﬁculty of properly saturating
amples because of their very small porosity.
Another important aspect in terms of performance assessment
s the potential effects of temperature elevation on the crack net-
ork that characterises the excavation damaged zone (EDZ) around
alleries. This potential impact has been investigated in detail dur-
ng the European research project TIMODAZ, some results of which
ill be presented here. The critical aspects concern: (1) the poten-
ial effect of water dilation on crack openings, keeping in mind
he possibility of shear reactivation along shear cracks, and (2) the
ffect of temperature on the self-sealing properties of the clays and
laystones.
This paper presents some results concerning the thermal
esponse of clays and claystones under both drained and undrained
onditions. The role of shear cracks on permeability properties at
levated temperature is also presented.
. Waste disposal in clays and claystones
As an example, the underground research laboratory (URL) of
NDRA (the French Agency for Radioactive Waste Management) is
ocated at a depth of 490 m in a layer of Callovo-Oxfordian (COx)
laystone presented in Fig. 1. One can see in Fig. 1 that layers have
een regularly sedimented with a slight tilting. Other European
RLs presently active in clays and claystones include the Mont-
erri URL in the Opalinus clay in Switzerland operated by the Swiss
gency (NAGRA) and the Mol  URL operated by Euridice (ONDRAF-
CK) in Belgium (Tsang et al., 2012).
The French principle of high activity waste repository by means
f horizontal galleries is presented in Fig. 2. The design of this sys-
em is strongly conditioned by the exothermic properties of the
adioactive waste and by the rule adopted in performance assess-
ent to maintain the temperature in the host rock in the near ﬁeld
elow 100 ◦C. For this reason, it is not possible to excavate the gal-
eries too close one to another. Also, some dummy  canisters (with
o waste inside) are placed among heat emitting canisters to lower
he temperature elevation.
This temperature constraint has a signiﬁcant economic impact
ince it imposes longer galleries excavated at larger distances one
o another, resulting in a larger occupation area at a given level.
The results of calculations about the thermal perturbation due
o the heat emitted by high activity radioactive wastes in the French
oncept are presented in Fig. 3 (ANDRA, 2005). Since the thermaler in the area of Bure (ANDRA, 2005).
onductivity of the claystone is well known and fairly homoge-
eous, thermal calculations carried out using the ﬁnite element
ethod are known to be reliable. As seen in Fig. 3, it is estimated,
ith the inter-gallery distance selected, that a maximum tem-
erature of 90 ◦C will be quickly reached after around 15 years
n the near ﬁeld. Temperature homogeneity starts prevailing at
0 ◦C–45 ◦C after 1000 years and at 30 ◦C–35 ◦C after 3000 years.
he comeback to the initial temperature close to 5 ◦C is expected
fter 50,000 years.
Another illustration of the thermal phase is provided in Fig. 4, in
hich one can see that closure will be made after a period of around
0–100 years of the exploitation phase with an increasing temper-
ture phase comprised between 100 and 300 years, followed by the
omeback to natural conditions after 50–100,000 years.
Another important phenomenon observed during and after the
allery excavation if the damage created around the galleries in
hat is called the EDZ.
Fig. 5 shows a schematic representation of the fracture net-
ork observed around a gallery excavated parallel to the horizontal
inor stress h (N65◦E), given that the in situ stresses in the Bure
RL are as follows (Wileveau et al., 2007):Fig. 2. French concept of horizontal galleries (ANDRA, 2005).
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Fig. 3. Temperature decrease around galleries (ANDRA, 2005).
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(Fig. 4. Time schedule of thermal phenomena (ANDRA, 2005).
4) Pore pressure u = 4.9 MPa.
This conﬁguration of parallel periodic inclined fractures along
he gallery axis is called a “herringbone” pattern. It has also been
bserved in other clay host rocks like Boom Clay and Opalinus clay.
The extension of fractures around the same gallery is also rep-
esented in Fig. 6. Fig. 6 also makes the distinction between shear
ractures with a larger extension (0.6 drift diameter on top, 0.8
rift diameter in bottom), compared to traction fractures (0.3 drift
iameter).
ig. 5. Conceptual model of the induced fractures network around a drift parallel
o  the horizontal minor stress (Armand et al., 2013).
i
t
t
cig. 6. Extent of fractures around a gallery parallel to the minor horizontal stress
Armand et al., 2013).
. Thermal behaviour of clays
.1. Thermal volume changes
The pioneering work of Hueckel and Baldi (1990) on Boom Clay
amples demonstrated that the volume changes of natural clays
nder constant isotropic effective stress depended on the OCR,
ndependently of the applied stress. A thermo-plastic contraction
s observed in normally consolidated clays and an elasto (expan-
ion) plastic (contraction) response is observed in overconsolidated
lays, depending of the OCR.
This has been conﬁrmed in Boom Clay by Sultan et al. (2002) as
hown in Fig. 7 that presents the results of drained thermal tests
un on samples at various OCRs in which the temperature elevation
as very slowly applied (1 ◦C/h) to ensure fully drained conditions.
In the overconsolidated regime, Fig. 7 also shows that the tem-
erature of the expansion-contraction transition increases with the
CR as accounted for in the thermomechanical model of Cui et al.
2000).
Whereas the thermoelastic expansion can be easily interpreted
n terms of thermal dilation of the solid phase (see thermal dila-
ion coefﬁcients in Table 1), the plastic contraction is more difﬁcult
o interpret. It seems that the role of water adsorbed along the
lay particles plays an important role. There would be two modes
1 0 1 2 3 4
20
40
60
80
100
OCR = 1
OCR = 12
OCR =
vT (%)
cOCR=1 1.2  MPa
OCR =1 3.85  MPa
OCR=2 4  MPa
OCR =12 4.2 MPa
OCR =12 6 MP a
T
(
C
)
c
c
c
c
2
Fig. 7. Thermoelastoplastic response of Boom Clay (Sultan et al., 2002).
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Table 1
Thermal expansion and compressibility coefﬁcients of some typical minerals
present in clays and claystones.
Mineral Thermal expansion
coefﬁcient (◦C−1)
Solid compressibility
(GPa−1)
Clay ˛s = 3.4 × 10–5
(McTigue, 1986)
cs = 0.02
(Skempton, 1954;
McTigue, 1986)
Quartz ˛s = 3.34 × 10–5
(Palciauskas and
Domenico, 1982)
cs = 0.0265
(Bass, 1995)
Calcite ˛s = 1.38 × 10–5
(Fei, 1995)
cs = 0.0136 (Bass, 1995)
Felspar ˛s = 1.11 × 10–5
(Fei, 1995)
cs = 0.0145 (Bass, 1995)
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Table 2
Thermal expansion coefﬁcients of various soils and rocks.
Material Thermal expansion
coefﬁcient  (MPa/◦C)
Reference
Clay 0.01 Campanella and
Mitchell (1968)
Boom Clay 0.06
0.019
Vardoulakis (2002)
Lima et al. (2010)
Opalinus claystone 0.1 Mun˜oz et al. (2009)
Sandstone 0.05 Campanella and
Mitchell (1968)
Kayenta sandstone 0.59 Palciauskas and
Domenico (1982)
Rothbach sandstone From 0.25 to 0.025 Ghabezloo and Sulem
(2009)
Clayey fault gouge 0.1 Sulem et al. (2004,
2007)
Intact rock at great depth 1.5 Lachenbruch (1980)
Mature fault at 7000 m depth Intact fault wall: 0.92; Rice (2006)
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dWater ˛w = 27 × 10–5
(Spang, 2002)
cw = 0.447 (Spang,
2002)
f separating the adsorbed water from the (plastic) clay particles
long which they are bonded: either by compression and squeezing
ut (effect of preconsolidation) or by heating, given that in general
emperature reduces the physico-chemical interactions between
olecules (consider for instance the effects of temperature on the
rownian movement and the changes in properties of gases when
ubmitted to temperature elevation).
.2. Thermal pressurization
The thermal pressurization of pore water in low porosity clays
r claystones submitted to temperature elevation is a consequence
f the signiﬁcant difference between the thermal expansion coefﬁ-
ient of water (27 × 10–5 ◦C–1) and that of the solid grains (between
 and 3.4 × 10–5 ◦C–1), see Table 1 (Ghabezloo and Sulem, 2009).
able 1 is completed by the values of the compressibility of each
ineral that will be used further on.
One can see that the water expansion coefﬁcient is almost one
rder of magnitude higher than that of the minerals, and that the
oefﬁcient of quartz and clay are comparable and larger than that
f calcite or feldspar.
Given that the structure of claystones is generally characterized
y a clay matrix containing grains (of quartz, calcite and feldspar),
ne can suspect some signiﬁcant differential expansions in the solid
hase at clay-calcite interfaces (the most frequent) and also at clay-
eldspar interfaces.
Ghabezloo and Sulem (2009) gathered some values of the ther-
al  pressurization coefﬁcient  = p/t  (MPa/◦C) measured in
arious soils and rocks and presented in Table 2. Table 2 has been
ompleted by their own values on the Rothbach sandstone, by a
alue on Boom Clay recently obtained by Lima et al. (2010) and by
 value on the Opalinus claystone deduced from the data of Mun˜oz
t al. (2009).
Some large values have been obtained in rocks but the values
n clays are between 0.01 MPa/◦C and 0.1 MPa/◦C. Quite different
alues are given for clays, in particular in Boom Clay, comparing the
ata of Vardoulakis (2002) that were obtained from experimental
ata of Sultan (1997) and of Lima et al. (2010). Authors showed
hat the thermally induced pore pressure did not depend only on
he mineral composition and porosity of the rock, but also on the
tress state, the range of temperature variation and the previously
nduced damage.
The pressure dependency of the compressibility of both rock
nd water and the temperature dependency of the pore water
ompressibility appeared to play an important role, as shown
y Ghabezloo and Sulem (2009) who provided values between
.25 MPa/◦C and 0.025 MPa/◦C at temperatures between 20 ◦C and
0 ◦C for the Rothbach sandstone.
f
m
tDamaged fault wall:
0.31
. Materials
The main characteristics of the three clays and claystones con-
idered are presented in Table 3. The data of Table 1 show a
ifference between on the one hand the Boom Clay, a stiff clay
ith signiﬁcantly higher porosity and smaller mechanical parame-
ers and on the other hand with the Opalinus and COx claystones of
ower porosity, water content and permeability with higher calcite
ontent and greater mechanical parameters.
Whereas the Boom Clay is from the Rupelian age (Oligocene
poch) and is around 30 million years old, the COx and Opali-
us claystones are signiﬁcantly older (162 and 173 million years,
espectively) (Gens, 2013) and are from the Callovo-Oxfordian and
alenian ages (Jurassic Period), respectively.
The difference in mechanical properties between the Boom Clay
nd the claystones (COx and Opalinus) is due to the much longer
iagenesis period the claystones have been submitted to. Another
igniﬁcant difference is related to the higher carbonate content
hat they contain (highest in COx) and that also results in stronger
echanical properties. The carbonates acting as a bonding agent
re carbonates re-precipitated from their initial granular state. The
Ox claystone also contains a signiﬁcant proportion of quartz grains
around 20%).
Due to lower porosities, claystones also have permeability
maller by one order of magnitude as compared to the Boom Clay.
s commented before, these very low porosities and permeability
alues make it quite difﬁcult to achieve fully saturated and drained
onditions.
. Test in drained conditions
.1. Hollow cylinder triaxial apparatus
The hollow cylinder triaxial apparatus specially designed for
ery low permeability geomaterials was  used within the frame-
ork of the TIMODAZ European project (Monfared et al., 2011). In
his apparatus, the same conﬁning pressure is applied in the inner
nd outer lateral faces of the cylinder, providing standard triaxial
tress conditions.
The principle of the apparatus is shown in Fig. 8, in which lateral
rainage is ensured by geotextiles placed on the inner and outer
aces of the cylinder.
Heating was made by using an electric coil placed around the
etal cell (not represented in Fig. 8) and by thermally isolating
he cell from the ambient temperature by using an isolating cover.
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Table  3
Characteristics of clays and claystones (Gens et al., 2007).
Clay Dry density (Mg/m3) Calcite content (%) Porosity (%) Water content (%) Young’s modulus (MPa) UCS (MPa) Permeability (m/s)
Opalinus clay 2.22–2.33 6–22 13.5–17.9 4.2–8 4000–10,000 4–22 (1–5) × 10–13
Callovo-Oxfordian
claystone
2.21–2.33 23–42 <13 <5 –13
Boom Clay 1.61–1.78 0–3 >30 >9
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triaxial testing, this drainage length is equal to half the height of
standard specimens (76 mm),  i.e. 38 mm.
The reduction in drainage length was  obtained by using hollow
cylinder specimens drained on top, bottom and also along the innerFig. 8. Hollow cylinder triaxial cell (Monfared et al., 2011).
emperature control (±0.5 ◦C) was carried out based on a temper-
ture measurement gauge located inside the cell. Volume changes
ere followed from local displacement measurements by means
f LVDT sensors along the external face of the cylinder, as shown
n Fig. 9. This also shows the radial hydraulic connections used to
nsure enhanced lateral drainage.
.2. Saturation procedureAn important preliminary condition to fulﬁl before running
rained or undrained isotropic or triaxial compression tests is to
nsure full saturation of the sample. For stiff clays like the Boom
Fig. 9. Local strain measurements by using LVDTs..5 4000–5600 20–30 (1–5) × 10
.5 200–400 2 (2–5) × 10–12
lay, this condition is generally controlled by determining the
kempton coefﬁcient B by monitoring the increase in pore pres-
ure u  resulted from an increase in applied conﬁning pressure
 according to the relation:
 = u

(1)
In soils, values of B above 95% are considered satisfactory (see
or instance Sultan et al., 2010) on Boom Clay.
The determination of B values does not seem to be common
ractice in claystone testing in which the saturation conditions
re apparently not fully known, like also the drainage conditions.
ndeed, claystone samples appear to be provided in the labora-
ory in unsaturated conditions, due to the combined and successive
ffects of air coring, transport, storage and trimming. As an exam-
le, Mohajerani et al. (2012) determined initial values of degree of
aturation around 70% in the COx claystone.
Indeed, claystones are very sensitive to changes in water con-
ent. Like unsaturated soils, they become signiﬁcantly stronger
hen desaturated. As shown in Fig. 10, Pham et al. (2007) observed
ncreases in unconﬁned compression strength (UCS) from 28 MPa
o 58 MPa  in samples submitted to desaturation by imposing con-
rolled relative humidities (RHs) of 98% and 32%, respectively, with
orresponding water contents decreasing from 5.24% to 1.65%.
The data of Fig. 10 clearly indicate that partial saturation may
verestimate the mechanical characteristics of claystones. Due to
ery low permeability, claystones are really difﬁcult to be fully sat-
rated. Homand (2008) quoted a period of time of one year to
onitor a pressure response on the top of a 76 mm high triaxial
ample submitted to a pressure at its base.
To deal with the difﬁculty of satisfactorily saturating claystone
pecimens within a reasonable period of time, the option chosen
as to reduce the drainage length of the specimen. In standardFig. 10. Water sensitivity of COx clay, UCS tests (Pham et al., 2007).
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Fig. 12. Undrained isotropic compression test of the Opalinus clay: determination
of  the Skempton coefﬁcient (Monfared et al., 2011).
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oig. 11. Computed pore pressure proﬁles during saturation (Monfared et al., 2012).
nd outer faces of the hollow cylinder. The sample has internal
nd external diameters equal to 60 mm  and 100 mm,  respectively,
iving a drainage length of half the cylinder thickness, i.e. 10 mm.
Given that the phenomenon is governed by Richards’ equation
nd is of a diffusion nature, a ﬁrst estimation of the reduction in
ime can be obtained by considering that the reduction by 4 of the
rainage length turned into a reduction by 16 of the time to dissi-
ate. In such conditions, the 1 year period of time mentioned above
s reduced to around three weeks, a much more reasonable period.
ore detailed calculations will be presented later on.
Monfared et al. (2011) provided a numerical simulation (reso-
ution of Richards’ equation by using the ﬁnite differences method)
f the saturation process of a sample of Opalinus clay from an initial
tate characterised by a suction of 5.7 MPa  (initial degree of satu-
ation of 83%) when saturation is made up by applying a 2.2 MPa
ack pressure on top, bottom and through the lateral inner and
uter drainages.
Calculations show that the back pressure imposed on top, bot-
om and along the inner and outer faces of the sample is ﬁnally
omogeneously imposed in the whole sample after 14 h, quite a
hort period showing the efﬁciency of the reduced drainage length
nd of the enhanced drainage (Fig. 11).
As commented above, a global checking of satisfactory satura-
ion can be obtained by determining the Skempton coefﬁcient B.
n the framework of poroelasticity (see for instance Detournay and
heng, 1993), the expression of B is as follows:
 = u

= cd − cs
cd − cs + (cw − cs)
= cd − cs
S
(2)
here S is the storage coefﬁcient that can be written as
 = cd–cs + (cw − cs) (3)
here  is the porosity, cd is the drained compressibility of the
laystone, cs is the compressibility of the solid grains, and cw is
he compressibility of water. Parameter cs can be determined by a
o-called unjacketed compression test in which the back pressure
nd the conﬁning stress are simultaneously and equally increased
hile measuring the volume changes of the specimen.
s
w
cFig. 12 presents the results of an isotropic “undrained” compres-
ion test in which the pore pressure increment u  is presented
ith respect to the increment in total stress .  In soils, good sat-
ration corresponds to B values close to one. In porous stones, this
s no longer true given the form of Eq. (2) and the fact that in porous
tones cd is no longer negligible compared to cs.
Actually, an “undrained” test is in fact a test in which the
rainage valves connected to the cell base are closed. It is not fully
ndrained given that some water exchanges occur between the
orosity of the compressed specimen and that of the porous ele-
ents surrounding it. This effect has also to be accounted for when
omparing the experimental value and the theoretical expression
iven in Eq. (2). Detailed calculations made in Monfared et al. (2011)
how that a corrected theoretical value of 0.89 is obtained that com-
ares favourably with the slope (B = 0.86) calculated from the data
f Fig. 12 (with cw = 0.449 GPa−1, cd = 0.348 GPa–1, cs = 0.02 GPa–1
or the Opalinus clay).
Note that satisfactory conditions in swelling soils can only
e ensured under in situ stresses to avoid any swelling (see for
nstance Delage et al. (2000) in the Boom Clay). In claystones, it
s well known that swelling can induce signiﬁcant damage. The
eduction in time of the saturation process then becomes an impor-
ant issue given that it reduces the time of immobilisation of the
riaxial device.
.3. Drained conditions
Satisfactory drainage conditions also have to be ensured.
alculations of pore pressure dissipation during an isotropic com-
ression test run at a rate of 0.5 kPa/mm were also carried out by
onfared et al. (2012).
Fig. 13 shows the excess pore pressure calculated once a 500 kPa
sotropic stress is applied in a sample having a permeability typical
f claystones equal to 2.5 × 10−20 m2.
Note that the pore pressure dissipation calculations in clay-
tones are different from those conducted in clays given that
ater and the solid phases cannot be considered as inﬁnitely rigid
ompared to the drained compressibility of the sample. In the
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Fig. 13. Computed excess pore pressure proﬁles in half the thickness of the sample
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Fig. 16 shows that the ﬁrst temperature elevation phase is char-
acterized by a linear thermo-elastic expansion that is typical of
overconsolidated samples between 25 ◦C and 65 ◦C, followed by a
plastic contraction between 65 ◦C and the maximum temperature
Con fining  press ure (12 MPa)
Back  press ure  (4  MPa)
Cel l
Temperat ure -co ntr olle d
bath (T =25-80°C)uring isotropic compression under different drainage conditions (Monfared et al.,
012).
ramework of isotropic poroelasticity, the pore pressure changes
uring isotropic compression are given by
du
dt
= Bd
dt
+ ks
wS
∇2u (4)
here ks is the saturated permeability, and w is the water viscos-
ty.
The data in Fig. 13 show the excellent efﬁciency of the enhanced
rainage system. Whereas a 70 kPa excess pore pressure is calcu-
ated with the standard conﬁguration (drainages on top and bottom
ith a height of 70 mm and a drainage length of 35 mm),  the lateral
rainages (drainage length of 10 mm)  reduce the excess pore pres-
ure to less than 20 kPa. This shows that: (1) satisfactory drainage
an be ensured in low permeability claystones, and (2) the pore
ressure ﬁeld remains homogeneous during the isotropic compres-
ion test.
. Test in undrained conditions
To investigate thermal pressurization, an isotropic thermal
ompression device simpler than the hollow cylinder was  devel-
ped. The aim of the test is to measure the thermal pore pressure
eveloped when the specimen is submitted to temperature ele-
ation under a given stress level. This thermal pore pressure
eneration is due to the fact that the thermal expansion coefﬁcient
f water is signiﬁcantly higher than that of the solid phase.
The cell is presented in Fig. 14 and the heating and loading
evice is shown in Fig. 15. The cell is a standard high pressure
sotropic compression cell accommodating a disk-shaped speci-
en  (oedometer type) having a diameter of 70 mm and a height of
0 mm.  Drainage is ensured by a geotextile at the base of the sample
esulting in a small length of drainage of 10 mm.  Two  water ducts
onnect the sample bottom to either a pressure-volume controller
or back pressure (PVC, GDS brand) or a pressure gauge.
Fig. 15 presents the connections to the two PVC and the
emperature-controlled bath (±0.1 ◦C) in which the cell is
mmersed. Note that the pressure transducer is located outside the
ath.Fig. 14. Isotropic compression cell (Mohajerani et al., 2012).
Like in the hollow cylinder device, special care has been devoted
o the saturation procedure that was carried out under stress con-
itions close to in situ.
Given that the drainage length is equal, similar saturation
eriods were observed compared to the hollow cylinder device. The
etermination of satisfactory values of the Skempton coefﬁcient B
as also performed.
. Thermal volume changes in claystones
To complete the few available literature data about fully satu-
ated and drained thermal tests in low permeability claystones, a
rogram including drained heating tests under in situ stress condi-
ions was  carried out in the hollow cylinder apparatus. The question
s to whether claystones behave as clays was investigated.
.1. Opalinus clay
The response of a specimen of Opalinus clay to a drained thermal
ycle between 25 ◦C and 80 ◦C under in situ mean stress conditions
total mean stress p = 4.1 MPa  and pore pressure pw = 2.2 MPa) is
resented in Fig. 16. The test was  conducted at a heating rate of
◦C/h so as to ensure fully drained conditions with the enhanced
rainage system (see above).Pres sure -vol ume  con trolle r Pressu re transduc er
Fig. 15. Stress and temperature control (Mohajerani et al., 2012).
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Fig. 19 presents the responses in axial and radial strainsig. 16. Drained thermal volume changes of Opalinus clay under in situ mean stress
onditions (Monfared et al., 2012).
pplied, i.e. 83 ◦C. The subsequent cooling phase is characterized
y a thermo-elastic contraction with a slope approximately par-
llel to that of the ﬁrst heating phase, conﬁrming the reversible
ature of the response. The corresponding thermal expansion
oefﬁcients are ˛d = 5.9 × 10–5 ◦C–1 along the heating phase and
.3 × 10–5 ◦C–1 along the cooling phase. Note that these thermal
xpansion coefﬁcients are comparable, although somewhat larger,
o those of the solid phases in the claystone (between 1 × 10–5 ◦C–1
nd 3.4 × 10–5 ◦C–1, see Table 1).
The thermal irreversible contraction observed during the ﬁrst
eating phase is comparable to that observed in normally con-
olidated plastic clays (e.g. Baldi et al. (1988) and Delage et al.
2000) on Boom Clay). In ﬁne grained soils, this phenomenon
s understood as a thermal consolidation of the sample which
orresponds to the rearrangement of the grains after a critical tem-
erature. It seems that the claystone has kept the memory of its
aximum supported temperature like overconsolidated soils con-
erve the memory of the maximum supported load. Once heated
p to 83 ◦C after the ﬁrst cycle, the sample keeps expanding up
o 80 ◦C (the new maximum temperature supported) during the
econd cycle, forgetting the previous temperature threshold of
5 ◦C.
It is interesting to relate this ﬁrst temperature threshold to the
aximum temperature previously experienced by the Opalinus
lay. From geological arguments the maximum burial depth of the
palinus clay at Mont Terri is 1350 m (Tim Vietor, personal commu-
ication). Assuming a geothermal gradient of about 0.03 ◦C/m, the
alue of 65 ◦C appears as a plausible maximum temperature expe-
ienced by the material before our test. The observed behaviour
s typical of thermal hardening, with an elastic thermal expansion
bserved below the maximum supported temperature, followed
y a plastic contraction at yielding once the maximum tempera-
ure is attained. Note that the concept of thermal yield has been
escribed in the model developed by Cui et al. (2000) for nor-
ally and overconsolidated soils through the mobilization of a
peciﬁc TY yield curve coupled to a loading yield curve that is sim-
lar to the yield curve deﬁned by Hueckel and Borsetto (1990). This
pproach could certainly be adapted to claystone by accounting for
he strong post-sedimentation diagenetic links that characterizes
laystones.
epThe elasto-plastic dilation coefﬁcient (˛d ) of the sample can
e estimated by considering the volumetric response of the sam-
le between 68 ◦C and 83 ◦C during the ﬁrst heating phase which
f
d
(ig. 17. LVDT measurements, drained heating test on the COx claystone sample
ST28520 under in situ stress conditions (Mohajerani et al., 2013).
ives a value of −1 × 10–4 ◦C–1. Thus the plastic thermal expansion
oefﬁcient of the Opalinus clay is obtained from (Sulem et al., 2007):
p
d = ˛
ep
d − ˛d (5)
The obtained plastic thermal dilation coefﬁcient for Opali-
us claystone is smaller than that for Boom Clay (−7 × 10−4 ◦C−1
fter Delage et al. (2000)) and clayey gouge from Aigion fault
−3.8 × 10−4 ◦C−1 after Sulem et al. (2007)), which conﬁrms again
he important role of post-sedimentation diagenetic bonds in clay-
tones as compared to plastic clays.
.2. Callovo-Oxfordian claystone
The measurements obtained from the radial and axial LVDTs
uring a drained heating tests on a COx claystone specimen
heating rate of 0.5 ◦C/h) submitted in the hollow cylinder appa-
atus to stress conditions close to the in situ ones (v = 12.7 MPa,
H = 12.7–14 MPa, h = 12.4 MPa, u = 4.9 MPa) are presented in
ig. 17 (Mohajerani et al., 2013). These conditions were approxi-
ately fulﬁlled by imposing a 12 MPa  conﬁning stress and a 4 MPa
ore pressure. As seen in Fig. 17, the monitoring of the LVDTs was
nterrupted between 54 ◦C and 68 ◦C due to electric shortage. They
orked again between 68 ◦C and 80 ◦C.
Both LVDT measurements show that a contraction of the COx
laystone occurs from the beginning of the test, with axial strains
perpendicular to bedding) larger than radial strains (parallel
o bedding) showing some degree of anisotropy in the thermal
esponse.
At 80 ◦C, the axial strain is equal to 0.33% against 0.16% for
he radial strain. Keeping in mind that the COx claystone is
ade up of grains embedded in a clay matrix, this shows that
he direction perpendicular to bedding (characterised by a slope
T⊥ = 0.65 × 10–4 ◦C–1) is more sensitive to thermal changes than
hat parallel to bedding (CT// = 0.315 × 10–4 ◦C–1).
Fig. 18 shows the sample volume changes calculated from the
VDT data in Fig. 4 and from the PVC water exchanges (only up to
0 ◦C because a leak occurred at higher temperature). The thermal
ontracting plastic behaviour is conﬁrmed with a good correspon-
ence between the two measurements up to 50 ◦C. An average
alue of 1.3 × 10–4 ◦C–1 was found for parameter CT. The LVDTs
esponse indicates a total volumetric strain of 0.64% at 80 ◦C.rom LVDTs of a drained heating test under in situ stress con-
itions of a COx sample previously submitted to a loading cycle
12–18–12 MPa). In this case, the thermal volume changes are
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change behaviour of claystones, a drained isotropic compression
test was  run at 80 ◦C after the drained heating phase that presented
a contracting plastic response (Fig. 18).ig. 18. Drained heating test on the COx claystone sample EST28520 (Mohajerani
t  al., 2013).
haracterised by an initial expansion between 25 ◦C and 32 ◦C fol-
owed by a contraction. The dilation in the direction perpendicular
o bedding is almost 4 times larger than that in the direction par-
llel to bedding, with respective linear dilation coefﬁcients ˛⊥
0.395 × 10–4 ◦C–1 and ˛// = 0.111 × 10–4 ◦C–1.
The transition from expansion to contraction occurs at 33 ◦C.
fterwards, contraction appears to be slightly larger perpendic-
lar to bedding (CT⊥ = 0.45 × 10–4 ◦C–1) than parallel to bedding
CT// = 0.37 × 10–4 ◦C–1) with an anisotropy ratio signiﬁcantly
maller than that observed during contraction. This reveals smaller
nisotropy effects compared to the data shown in Fig. 17. The
olume changes derived from the LVDTs and from the PVC are com-
ared in Fig. 20. They show similar trends, with however smaller
ilation from PVC data. The thermal expansion coefﬁcient (˛) calcu-
ated during the expansion phase is about 0.6 × 10–4 ◦C–1 (PVC and
VDTs) and the elastoplastic thermal contraction coefﬁcient (CT1)
s 1 × 10–4 ◦C–1 from the LVDTs and CT2 = 0.84 × 10–4 ◦C–1 from the
ore pressure PVC. A volumetric strain of 0.4% is reached at 80 ◦C.
The data of test EST28520 in Fig. 18 show that, like normally
onsolidated clays, the COx claystone exhibits a plastic contraction
hen heated in drained conditions between 25 ◦C and 80 ◦C under
n situ stress conditions. Actually, this trend is not in agreement
ith the in situ measurements of thermally induced pore pres-
ure that appeared to be correctly modelled under a thermoelastic
dilating) hypothesis (Gens et al., 2007; Armand, 2012). If con-
rmed, this thermal contraction should indeed have some effects
n the stress redistribution in heated zones far enough from the
aste disposal galleries that remain in a stress state close to the
nitial one. A possible reason of this difference between in situ and
aboratory data could be related to the quality of extracted samples
ig. 19. LVDT measurements, drained heating test on a COx sample EST28522 pre-
iously submitted to a (12–18–12 MPa) loading cycle (Mohajerani et al., 2013).
F
(ig. 20. Volume changes, drained heating test on a COx sample EST 28522 previ-
usly submitted to a (12–18–12 MPa) loading cycle (Mohajerani et al., 2013).
n general, given that claystones are known to be very sensitive
o damage induced by stress release and drying during coring. As
entioned above, signiﬁcant precaution has been taken here to re-
aturate the laboratory samples under in situ stress conditions as
o minimise any damage due to hydration and swelling. Indeed,
urther investigation is necessary in this regard.
Sample EST28522 was  submitted to a cyclic isotropic drained
oading (from 12 MPa  to 18 MPa  and then to 12 MPa) prior
o drained heating, providing a drained compressibility value
d = 0.45 GPa–1. Further drained heating between 25 ◦C and 80 ◦C
xhibited a slight initial dilating thermo-elastic response between
5 ◦C and 32 ◦C prior to a plastic contracting phase (Fig. 20). Inter-
stingly, this response is comparable to that of overconsolidated
lays that have also been submitted, during their geological history,
o stress levels higher than that under which heating is performed.
n extrapolation of this trend (to be experimentally checked) could
uggest that the response of areas closer to the galleries, in which
tress has been somewhat released, could be dilating and thermo-
lastic. Again, the necessity of further thermo-mechanical tests to
onﬁrm this trend is mentioned, as commented above.
To further investigate the effects of temperature on the volumeig. 21. Drained compression test at 80 ◦C, COx claystone sample EST28520
Mohajerani et al., 2013).
188 P. Delage / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 179–190
F
p
o
l
t
p
0
w
u
t
e
s
r
p
8
m
e

w
f

c
p
w
e
o
t
w
c
i
p
b
e
s
t
o

F
(
b
0
u

a
c
c
i
m
t
9
e
a
p
a
c
s
t
c
f
p
monitoring the pore pressure change on the other side. The perme-
ability was evaluated through a back analysis of the experimental
results by solving a diffusion problem (see Monfared et al. (2012)
for more details).ig. 22. Volume changes, drained heating test on a COx claystone sample EST28520
reviously submitted to a (12–18–12 MPa) loading cycle (Mohajerani et al., 2012).
The response presented in Fig. 21 again shows a signiﬁcant effect
f anisotropy with axial strains signiﬁcantly larger than radial ones,
ike at ambient temperature.
The global volume changes presented in Fig. 22 show that during
he ﬁrst loading phase, the sample exhibits higher plastic com-
ressibility than that observed at 25 ◦C (1.54 GPa–1 compared to
.45 GPa–1) while the elastic modulus obtained in the ﬁnal cycle
as about 0.49 GPa–1, a value comparable with the elastic mod-
lus of 0.45 GPa–1 determined at 25 ◦C. Once checked by further
ests, this new trend should be introduced in the constitutive mod-
ls used in the numerical predictions of radioactive waste disposal
ince this smaller compressibility at higher temperature should
esult in some stress redistribution in the zones that are com-
ressed during heating.
. Thermal pressurization in claystones
In a perfect undrained THM test carried out in an elastic porous
aterial, the pore pressure increase is given by the following
xpression:
u = B  + T  (6)
here the thermal pressurization coefﬁcient  is deﬁned by the
ollowing equation:
 = u
T
= (˛w − ˛s)
cd − cs + (cw − cs)
(7)
As in the case of the determination of the Skempton coefﬁcient B,
orrections are to be made in the determination of  with respect to
erturbations due to the effects of the porous elements in contact
ith the specimen (see Ghabezloo and Sulem, 2009; Mohajerani
t al., 2011).
The data shown in Fig. 23 show the response in pore pressure
btained in a COx sample along a ramp of stepwise progressive
emperature elevation between 25 ◦C and 70 ◦C. The comparison
ith the response obtained with a dummy  metal sample indi-
ates that the ﬁrst peak of temperature corresponds in fact to the
nstantaneous response of the water contained in the permeable
orous elements. Some time has to be waited for to get equili-
ration between the pore water and that contained in the porous
lements, corresponding to the drainage of pore water from the
pecimen to the porous elements. When considering the equilibra-
ion points, one obtains the curve presented in Fig. 24. It can be
bserved from the results of two tests that the thermal coefﬁcient
 decreases with temperature from 0.116 MPa/◦C to 0.063 MPa/◦C
F
(ig. 23. Comparison between thermally induced pore pressure with a COx claystone
EST27396 No.1-iso) and a dummy  metal sample (Mohajerani et al., 2012).
etween 42 ◦C and 56 ◦C in test No. 1 and from 0.145 MPa/◦C to
.107 MPa/◦C between 32 ◦C and 62 ◦C in test No. 2.
As commented in more details in Mohajerani et al. (2011), the
se of Eq. (7) to correctly predict the experimental changes of
 with respect to temperature observed in Fig. 24 requires the
doption of a non-constant value of the drained compressibility cd
hanging with either the applied stress or temperature (see Fig. 22).
Indeed, thermal pressurization in undrained conditions is a
omplex combination of increase in pore pressure that results
n a decrease in effective stress. The decrease in effective stress
obilises the specimen’s compressibility besides the thermal dila-
ion coefﬁcients of water and of the solid phases.
. Effect of discontinuities – self sealing/temperature
ffects
One of the main interests of the hollow cylinder test is that it
llows performing permeability tests that do account for the shear
lane network affecting a sheared sample. The system was  then
pplied to the investigation of the combined effects of shear dis-
ontinuities and temperature on the permeability of a Boom Clay
pecimen.
For this purpose, a transient method was adopted, based on
he method proposed by Ghabezloo and Sulem (2009) that ﬁrst
onsisted in inducing an excess pore pressure in the sample by per-
orming an isotropic undrained compression test. The excess pore
ressure was afterwards released on one side of the sample whileig. 24. Changes in thermal pressurization coefﬁcient with temperature
Mohajerani et al., 2011).
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Table 4
Changes in permeability, intact and sheared Boom Clay samples.
Condition kr (m2) kz (m2)   (%)
Before shearing, 25 ◦C 1 × 10–19 3 × 10–19 –
After shearing, 25 ◦C 0.5 × 10–19 2 × 10–19 –0.238
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(ig. 25. Setting of the connection during the permeability test (Monfared et al.,
012).
Starting from the in situ mean effective stress characterising
he Boom Clay layer in the Mol  URL, where it has been extracted
3 = 3.25 MPa, u = 1 MPa), the permeability tests were carried out
y increasing the conﬁning pressure from 3.25 MPa  to 3.75 MPa
n undrained conditions. The excess pore pressure was afterwards
llowed to dissipate by opening the connection of the lateral inter-
al drainage to the PVC, imposing a constant 1 MPa pressure while
onitoring the pore pressure dissipation by two pressure trans-
ucers at the bottom and at the external wall of the sample (see
ig. 25). The water expelled from the sample was measured by the
VC connected to lateral internal drainage.
The curves of pore pressure dissipation obtained in various con-
itions are presented in Fig. 26: (1) after sample re-saturation under
n situ stress conditions; (2) after shearing; (3) after heating the
heared sample; and (4) after cooling.
Since pore pressure measurements have been conducted both
n the lateral side and at the bottom of the sample (see Fig. 25), cal-
ulations have been made with an anisotropic permeability model,
roviding the radial and axial permeability values. As seen in Fig. 26,
he model calculations compare well with the experimental data
t each stage.The slower diffusion observed after shearing compared to the
nitial state conﬁrms the excellent self-sealing properties of the
oom Clay. As seen in Table 4, the slight decrease observed in intrin-
ic permeability is due to a decrease in porosity that results from
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ig. 26. Experimental data and model results for pore pressure dissipation, external
all transducer (Monfared et al., 2012).
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dAt 80 ◦C 0.8 × 10–19 2.8 × 10–19 0.259
After cooling, 25 ◦C 0.5 × 10–19 2 × 10–19 –0.259
he increase in mean effective pressure occurring during shear-
ng. The faster diffusion observed at elevated temperature in the
heared sample is due to the decrease in viscosity of water with
emperature. Indeed, the data of Table 4 show that the intrinsic
ermeability is not signiﬁcantly affected.
These data, along with other data obtained in the Opalinus clay,
how that the self-sealing properties of both the Boom Clay and
he Opalinus clay are not affected by temperature elevation. This
mportant result obtained within the TIMODAZ project is quite
mportant in terms of performance assessment (Yu et al., 2013).
0. Conclusions
Various new speciﬁc experimental devices have been developed
ithin the framework of the TIMODAZ European research project
o investigate the impacts of temperature elevation in the EDZ
round the galleries containing high activity long lived radioactive
astes.
In some way, the option followed during this research was to
xtend to porous clayey rocks some well known concepts from
oil mechanics that apparently had not yet been fully integrated.
his approach comprised the necessity of properly saturating
pecimens under in situ stress prior to testing and of ensuring
atisfactory drainage conditions, a challenge in low permeability
aterials. This was  obtained by developing new devices character-
zed by a short drainage length, in particular a new hollow cylinder
hermal triaxial apparatus. A short drainage length isotropic cell
as also used to investigate thermal pressurization. The experi-
ental investigation was conducted on three clays and claystones
onsidered as potential host rocks: the Boom Clay from the Mol  URL
Belgium), the Opalinus clay from the Mont-Terri URL (Switzerland)
nd the COx claystone from the Bure URL (France).
A ﬁrst series of tests conducted by the hollow cylinder apparatus
re fully drained thermomechanical tests that allowed completing
he understanding of the thermal volume changes in clays and clay-
tones. The same principles appear to be applicable for claystones
hat should not be considered as overconsolidated clays. In the COx
laystone, a contracting behaviour has been observed when heating
he sample under in situ stress, comparable to the response of nor-
ally consolidated clays. Once preloaded by a stress cycle, the COx
lay exhibits a thermo-elasto-plastic response with initial thermo-
lastic expansion, followed by contraction at higher temperature.
he Opalinus clay also exhibited a thermo-elasto-plastic response
ith a thermal dilation up to the maximum temperature supported
y the layer during geological history, followed by plastic contrac-
ion. Thermal hardening was also evidenced during a subsequent
emperature cycle.
Thermal pressurization was investigated in details, showing a
ecrease in thermal pressurization coefﬁcient  with increased
emperature. Undrained heating tests indeed appeared as quite
omplex with the combined effect of thermal pore pressure build-
p with the corresponding effective stress decrease that mobilises
ome changes in compression-swelling coefﬁcients with both
emperature and stress changes. Good understanding of thermal
ressurization is necessary to better assess the stability of galleries
uring the thermal phase.
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Both temperature and shear discontinuities do not affect the
onﬁning performance of the clays and claystones. This was
xpected in stiff plastic clays like the Boom Clay. In claystones,
his is linked to the smectite fraction that appears to be mobilised
long the shear discontinuities. The well known self-sealing per-
ormances of clays and claystones are extended to temperature
ffects.
Globally, results about the response of the clays and claystones
ave been positive in terms of performance assessment, as detailed
n Yu et al. (2013). This is one of the main and successful results from
he TIMODAZ project.
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